ABSTRACT: Jute and bamboo fiber-reinforced polypropylene (PP) based composites (50 wt% fiber) were fabricated by compression molding. Tensile strength (TS), bending strength (BS), tensile modulus (TM), and bending modulus (BM) of the jutereinforced PP composite were found to be 48, 56, 900, and 1500 MPa, respectively. Then, bamboo fiber-reinforced PP-based composites (50 wt% fiber) were fabricated and the mechanical properties evaluated. The TS, BS, TM, and BM of bambooreinforced PP composites were found to be 60, 76, 4210, and 6210 MPa, respectively. It was revealed that bamboo fiber-based composites had higher TS, BS, TM, and BM compared to jute-based composites. Degradation tests of the composites (jute fiber/PP and bamboo fiber/PP) were performed in soil at ambient conditions for up to 24 weeks. It was revealed that bamboo fiber/PP composite retained its original mechanical properties higher than that of jute fiber/PP composite. The interfacial shear strength of the jute and bamboo fiber-based composites was investigated using the single-fiber fragmentation test and it was found to be 2.14 and 4.91 MPa, respectively. Fracture sides of the composites were studied by scanning electron microscope, and the results revealed poor fiber matrix adhesion for jute fiber-based composites compared to that of the bamboo fiber-based composites.
INTRODUCTION F
OR A FEW decades, efforts are going on to utilize natural fibers due to their biodegradability, availability, and low cost. Moreover, ecological concerns have initiated a considerable interest in natural materials to produce 'green' products. The rapidly increasing environmental awareness, growing global waste problem, limited availability of crude oils, and high processing cost trigger the development concepts of sustainability and reconsideration of renewable resources. Studies on composites have also been done concerning natural fiber-reinforced structures. Natural fibers have already established a record of accomplishment as reinforcing material. The advantages of natural fiber-reinforced composites are reduction in density of products, acceptable specific strength, toughness, and stiffness in comparison with synthetic fiber-reinforced composites, lower energy consumption from fiber growing to finished composites, the relative safety in the case of manufacturing processes when compared with synthetic-based reinforced composites, and low capital investment due to low cost of natural fibers compared to synthetic ones [1, 2] . For this, natural fibers such as jute, flux, hemp, bamboo, etc. can be alternately used to reduce the cost of the composites. Jute has high specific properties like low density, less abrasive behavior to the processing equipment, good dimensional stability, and harmlessness. Jute textile products are low-cost eco-friendly products, abundantly available, easy to transport, and have superior drapability and moisture retention capacity. They are widely being used as a natural choice for plant mulching and rural road pavement construction. The biodegradable and low-priced jute products merge with the soil after providing nourishment to the soil. Being made of cellulose, on combustion, jute does not generate toxic gases [3, 4] . There are several reports about the use of jute as reinforcing fibers for thermo-sets and thermoplastics. The studies of jute fiber composites were carried out mostly in the Indian subcontinent in the early years and jute fiber-reinforced thermo-sets had been the focus of studies. Fiber treatment and interfacial modification were the most frequently studied issues aiming to improve the properties of short or long fiber-reinforced composites [5] [6] [7] [8] [9] . Bamboo is a natural fiber traditionally used to create various living facilities and tools; the high strength value to its weight is derived from fibers longitudinally aligned in its body. Bamboo fibers are generally called 'natural glass fibers' even though they have not been studied as much as glass fibers. Bamboo is a naturally occurring composite material which grows abundantly in most of the tropical countries. It is considered a composite material because it consists of cellulose fibers imbedded in a lignin matrix. Cellulose fibers are aligned along the length of the bamboo providing maximum tensile flexural strength and rigidity in that direction [10] . It has been found that bamboo fiber bundles have a potential ability to work as the reinforcement of polymer matrix and show higher tensile strength (TS) than jute fibers and improved the bio-composites from biodegradable polymers [11] . Bamboo fiber, which is a cellulose fiber, can be easily blended with the other natural fibers as well as it is recyclable under 100% sun light or at the soil with the microorganisms; therefore, it is known as a 'natural green and economic fiber' and a 21st century material which also has antibacterial properties. Therefore, the bamboo fiber-reinforced composite structures, with their mechanical properties, can benefit from the fiber's natural qualities and reasonable good physical properties [12] .
Jute fiber contains 82-85% of holocellulose of which 58-63% is a-cellulose. Jute fibers present some disadvantages such as high moisture sorption, poor dimensional stability, intrinsic polarity, low thermal resistance, anisotropic fiber resistance, and variability [4] . Bamboo fiber contains 68-75% of holocellulose, of which 45-49% is a-cellulose. Cellulose is the main source of the mechanical properties of bamboo. In the structure of cellulose molecule in bamboo, three planes are defined; they are mutually perpendicular. The cellulose molecules are kept together in the first plane by numerous and hydrogen bonds, in the second plane by much weaker Van der Waals forces, and in the third plane by covalent bonds [12] . As a matrix material, polypropylene (PP) was used in this study because it has some excellent characters for composite fabrication. PP is a class of thermoplastic engineering polymer and it possesses several imperative and useful properties such as transparency, dimensional stability, flame resistance, high heat-distortion temperature, and high IS, and these widen its application. PP is also very suitable for filling, reinforcing, and blending. PP with fibrous natural fibers is one of the potential routes to create natural synthetic polymer composites [13, 14] .
In the case of polymer-fiber systems, the quality of the interface is very important as it controls the mechanical properties of the resulting composites. The interfacial properties of fiber-reinforced composites can be measured using the single-fiber fragmentation test (SFFT). The SFFT method has several advantages such as: simple specimen handling, replication of the stress-transfer characteristics in real composites, convenient monitoring of failure processes directly, and the fact that critical length is sensitive to the level of fiber-matrix adhesion. Interface scientists regard this test as a reliable method for the determination of interfacial properties of the fiber-reinforced polymer composites [15] [16] [17] [18] [19] [20] [21] [22] [23] .
The mechanical properties of the matrix (PP) and the composites (jute fibers/PP and bamboo fibers/PP) were measured and jute fiber/PP composites compared over the bamboo fiber/PP composites. SFFT method was used to measure the interfacial properties of jute and bamboo fiber-based composites. The ultimate aim of these research studies was to compare the mechanical and interfacial properties between jute fiber/PP and bamboo fiber/PP composites.
EXPERIMENTAL

Materials
PP granules manufactured by Cosmoplene Polyolefin Company Ltd, Singapore, were used in as received condition in this experiment. Bleached jute fabrics were obtained from the Bangladesh Jute Research Institute (BJRI), Dhaka. Bamboo fiber was collected from Sylhet Division of Bangladesh.
Water Uptake of the Jute and Bamboo Fibers
Water uptake of jute and bamboo fiber (about 500 mg) was carried out in deionized water at room temperature (258C) for up to 60 min. Both fiber samples were placed in static glass beakers containing 100 mL of deionized water. At set time points, samples were taken out and dried for 6 h at 1058C and then reweighed.
Degradation Tests of Jute and Bamboo Fibers in Aqueous Medium
Degradation tests of jute and bamboo fibers (about 500 mg) were performed in deionized water at room temperature (258C) up to 6 weeks. Samples (both jute and bamboo) were placed into static glass beakers containing 250 mL of deionized water. At set time points, samples were taken out, and dried for 6 h at 1058C, and then reweighed. Similar degradation tests were reported in the literature [24] [25] [26] [27] [28] [29] .
Fabrication of Unidirectional Composite
Granules of PP (about 6 g) were placed in two steel plates for making one PP sheet and then into the heat press (Carver, INC, USA Model 3856). Steel plates were pressed at 5 bar consolidation pressure for 1 min at 1808C. The plates were then cooled for 1 min in a separate press under 5 bar pressure at room temperature. For composite fabrication, the resulting PP sheet was cut into desired size for composite fabrication. Unidirectional composites were prepared by sandwiching four layers of jute fiber between five sheets of PP. The sandwich was then placed between two steel plates and heated at 1808C for 5 min to soften the polymer prior to pressing 5 bar pressure for 5 min. The fiber weight fraction for jute composites was calculated to be about 50%. Unidirectional bamboo composite was also fabricated following the similar parameters in the same heat press. The fiber weight fraction for bamboo composite was calculated to be about 50%.
Mechanical Properties of the Composites
The Hounsfield series S testing machine (UK) with a cross-head speed of 1 mms À1 at a span distance of 25 mm was used to measure the tensile and bending properties of the composites. The dimensions of the test specimen were (ISO 14125): 60 Â 15 Â 2 mm 3 . A band saw was used to cut the composite samples to the required dimension. IS (Charpy) of the composites was measured using Impact tester (MT-3016, Pendulum type, Germany). Hardness was determined by HPE Shore-A Hardness Tester (model 60578, Germany).
Soil Degradation Tests of the Composites
Composite samples were buried in soil (having at least 25% moisture) for different periods of time. After a certain period, samples were withdrawn carefully, washed with distilled water, and dried at 1058C for 6 h, kept at room temperature (258C) for 24 h, and then measured for their mechanical properties.
Interfacial Properties of the Composite
Single-fiber composite samples were prepared using a single filament of fiber (both jute and bamboo) between two sheets of PP. The sandwich was then hot pressed at 1808C for 1 min at 5 bar pressure between two steel plates. The plates were cooled in a separate press at 3 bar pressure to room temperature. The thickness of the specimen was 0.40 mm. The single-fiber composite specimens (25 Â 5 Â 0.40 mm 3 ) were loaded on the tensile machine (Hounsfield series S testing machine, UK) to bring out the repeated breakage of the fiber. A cross-head speed of 0.25 mm/min was used. The gage length was 25 mm. The experiment was monitored by a microscope (Hitachi) attached to a monitor. To reach the saturation level, the number of fragments over the 25-mm gage length at each load level (using 2 N increments) was counted. Similarly, the saturation point was also checked by the number of fragments against displacement. The critical length (l c ) was then measured using the formula: l c ¼ 4l f /3, where l f is the average fragment length which was calculated as the monitored length (25 mm) divided by the number of breaks observed within that length of the experimental fragment length distribution, according to Kelly-Tyson model [19] [20] [21] . To find out the critical length, the number of fragments was counted. Fiber tensile properties were obtained by tensile testing filaments using the international standard BS ISO 11566. A single fiber was mounted on a paper frame with a gage length of 25 mm. The fiber was fastened to the frame with epoxy adhesive. Once prepared, the sample was gripped in the tensile machine. Before starting the test, the paper sections were cut. A cross-head speed of 1 mm/min was used. The interfacial shear strength (IFSS) of the composites was calculated from both the Kelly-Tyson and Drzal equations [20] [21] [22] [23] . Based on the force balance on a micro-mechanical model, Kelly and Tyson showed that IFSS is given by:
, where a and b are the scale and shape parameters, respectively, in the Weibull distribution for the aspect ration and À the gamma function. Fiber strength can be calculated from the extrapolation gage length using the Weibull weakest chart rule [20] . The fiber strength at the critical fragment length is: f ¼ f0 (l c /l 0 ) exp(1/b), where f0 is the fiber strength at gage length l 0 and b the shape parameter of the Weibull distribution for the fiber TS.
Scanning Electron Microscopic Analysis
Jute and bamboo fibers were examined by Phillips scanning electron microscope (SEM) at an accelerating voltage of 10 kV. SEM specimens were sputter-coated with gold. Fracture sides of the composites (after bending tests) were also observed using SEM.
RESULTS AND DISCUSSION
Water Uptake of Jute and Bamboo Fibers
Water uptake of jute and bamboo fibers was measured by soaking the fiber in a static glass beaker containing deionized water at room temperature (258C) for 60 min. The results were presented in Figure 1 . It was found that jute absorbs water in a typical manner, that is, gain of water in the initial stage was very rapid and then the absorption became slower and static with time. For example, after 1 min of immersion in water, jute absorbed 17% of water, but 76% and 92% of mass was gained after 10 and 60 min, respectively. Basically, jute absorbed most of water within 10 min of immersion in water. On the other hand, bamboo fiber absorbed water less rapidly than the jute fiber and became static after 60 min. For instance, bamboo fiber absorbed 14% water after 1 min immersion in water, but 38% and 58% mass gain evidenced after 10 and 60 min, respectively. After 60 min, mass gain of bamboo and jute fibers reached 58% and 92%, respectively. From this investigation, it was clear that, bamboo fiber absorbed water more slowly than the jute fiber. Jute is mainly built up of cellulose, which is a hydrophilic glucose polymer. The elementary unit of jute is anhydro-D-glucose, which contains three hydroxyl (-OH) groups [4, 17] . These hydroxyl groups in the cellulose structure account for the strong hydrophilic nature of jute and as a result, within an hour, jute absorbs such a huge amount of water [24] . Bamboo fiber contains 42-49% cellulose, 26-27% pentosan, 25-26% lignin, 3-6% ethanol toluene extractives, and 1-2% ashes. This higher amount of lignin in bamboo fiber makes it less hydrophilic than jute fiber [25, 26] , which is responsible for lower water uptake of bamboo fiber compare to the jute fiber.
Degradation Tests of Jute and Bamboo Fibers in Aqueous Medium
Six weeks of degradation (mass loss) of jute and bamboo fibers were performed in deionized water at room temperature (258C), and the results are depicted in Figure 2 . It was found that jute and bamboo fibers degraded slowly in aqueous medium but jute fiber degraded more rapidly compared to the bamboo fiber. Jute lost 4% of mass after 1 week of immersion in water but 22% and 30% mass losses were found in 3 and 6 weeks, respectively. On the contrary, bamboo fiber lost 2.5% of mass after 1 week of immersion in water but 15% and 24% mass losses were found in 3 and 6 weeks, respectively. On the contrary, bamboo fiber lost 2.5% of mass after 1 week of immersion in water but 15% and 24% losses of mass were found in 3 and 6 weeks, respectively. Jute is composed of cellulose (a-cellulose and hemicellulose), binding materials (lignin, fats, and waxes), and minor constituents (inorganic and nitrogenous matters, and traces of pigments like b-carotene and xanthophylls) [24] . Leaching out of non-cellulosic materials occurs lost during initial hours; then fiber degradation occurs; and these are the causes of the loss of weight of jute fiber. This finding suggests that jute is a rapidly degraded natural fiber. The slow degradation of the bamboo fiber compared to the jute fiber in the aqueous medium was expected because of the less hydrophilic nature of bamboo fiber [25, 26] .
Comparative Studies of the Mechanical Properties of the Composites
The mechanical properties such as tensile and bending properties of the PP sheet, jute fiber/PP, and bamboo fiber/PP composites were evaluated, and the values given in Tables 1 and 2 . It was found that TS, tensile modulus (TM), elongation at break (%), bending strength (BS), and bending modulus (BM) of the PP sheet were found to be 21 MPa, 530 MPa, 378%, 27 MPa, and 835 MPa, respectively. Jute-based composites made of 50% fiber significantly improved the mechanical properties (TS, TM, BS, and BM). TS, TM, BS, and BM for the jute fiber/PP composite were found 48, 900, 56, and 1500 MPa, respectively. Jute composites gained 128% increase in TS and 107% increase in BS over that of the matrix PP. It was also found that TM and BM improved by 70% and 80%, respectively than that of the matrix material PP. On the other hand, percentage elongation at break (Eb%) was reduced drastically because of low Eb% of the fibers compared to PP. From this investigation, it was clear that jute composites gained huge mechanical properties over the matrix material and thus indicated good fiber matrix adhesion.
From Table 2 , it was very clear that bamboo composite possessed a significant improvement in TS, BS, TM, and BM compared to the matrix PP. TS, TM, BS, and BM of bamboo fiber/PP composite were found 60, 4210, 76, and 6210 MPa, respectively. It was revealed that the bamboo fiber/ PP composites were found to have 185% and 180% improvements in TS and BS over the matrix PP. TM and BM also improved and they increased by 694% and 643%, respectively, over the matrix material PP. The increased mechanical properties were attributed due to the reinforcement of the bamboo fiber with the matrix PP. Bamboo-based composites showed significantly higher TS, BS, TM, and BM over the jute composites. It was revealed that the bamboo fiber/PP composites were found to have 25% and 35% improvements of TS and BS over the jute composites. It was also found that TM and BM improved by 367% and 314%, respectively, than that of the jute/PP composites. Bamboo is less hydrophilic than jute due to the higher percentage of lignin content in bamboo. As PP is hydrophobic in nature, better adhesion occurred between bamboo fiber and PP compared to the jute fiber; thereby, bamboo fiber/PP composite showed higher TS, BS, TM, and BM over the jute fiber/PP composite.
Comparative Studies of the Degradation Tests of the Composites in Aqueous Medium
Degradation tests of the composites (jute fiber/PP and bamboo fiber/PP) were performed in soil at ambient conditions for up to 24 weeks. TS and BS values were plotted against degradation time as shown in Figures 3 and 4 . It was found that for jute/PP composites, both TS and BS decreased slowly with time but for bamboo fiber/PP, a very slow decrease was observed. After 24 weeks of soil degradation, jute composites lost almost 40% and 36% of TS and BS, respectively. On the other hand, bamboo fiber/PP composites lost 28% and 25% of TS and BS, respectively. Similarly, TM and BM also decreased over soil degradation time and the results were depicted in Figures 5 and 6 . It was found that, jute fiber/PP composites lost 46% and 35% of TM and BM, respectively, during soil degradation test. After 24 weeks of soil degradation, bamboo fiber/PP composites lost almost 24% and 25% of TM and BM, respectively. From this investigation, it was evident that bamboo fiber/PP composites retained much of their original mechanical properties than the jute composites during soil degradation. Jute is a natural biodegradable fiber and this fiber being cellulose based, it absorbs water within a couple of minutes indicating its strong hydrophilic character. Cellulose has a strong tendency to degrade when buried in soil [27] . During soil-degradation tests, water penetrated from the cutting edges of the composites in jute-based samples and degradation of cellulose occurred in jute; as a result, the mechanical properties of the composites decreased significantly. But bamboo fiber contains higher percentage of lignin and lower percentage of cellulose than jute and thus bamboo fiberbased composites are less hydrophilic in nature than jute-based composite. These higher percentages of lignin repelled water more significantly than the jute fiber. So, bamboo fiber/PP composite retained much of its original mechanical properties during exposure to the soil.
Comparative Studies of the Interfacial Properties of the Composites
To find out the IFSS, SFFT was carried out. Single filament (bamboo fiber and jute fiber) reinforced PP matrix composites were prepared by compression molding. Fragmentation test was performed using universal testing machine and the number of fragments was counted using microscope operated at transmission mode. The results were given in Table 3 . The PP matrix that was quite transparent, which facilitated the counting of the number of fiber fragments in the specimen. For bamboo fiber/PP systems, the total number of fragments reached 8 and the critical length was found to be 3500 mm, calculated according to the equation mentioned in the 'Experimental' section. TS value of the fiber at the critical length was measured using the Weibull weakest chart rule and found to be 625 MPa. The diameter of the fiber used in this experiment varied from 55 AE 3 mm. The IFSS was found to be 4.91 MPa for bamboo fiber/PP system. This investigation revealed that the bamboo fiber/PP composite had sufficient IFSS. For the jute fiber/PP composite system, the number of fragments reached was 7 for the single-fiber composite sample and the critical length was found to be 3733 mm, which was lower than that of the bamboo fiber/PP system. The TS value of the jute fiber/PP system was found to be 455 mm. The IFSS value was found to be 2.14 MPa for jute fiber/ PP system. The IFSS value of bamboo fiber/PP composite was higher compared to the jute fiber/PP composite. Jute is more hydrophilic than bamboo, but PP is hydrophobic in nature; as a result, the IFSS was found to be low for jute fiber/PP system compared to that of the bamboo fiber/PP system.
SEM Images of the Composites
To find out the fiber matrix adhesion inside the composites, SEM studies were carried out. SEM images of jute fiber (a) and the fracture sides of the corresponding jute fiber/PP composites (b) were shown in Figure 7 . It clearly indicated that the jute fiber pull-out was quite higher and the bonding between jute and PP was not so good. Small gaps were evident in the matrix near the jute fibers. This was reflected in the IFSS values described in the previous section. SEM images of bamboo fiber (a) and the fracture sides of the corresponding bamboo fiber/PP composites (b) were shown in Figure 8 . The SEM image of the fracture surface explained that the fiber pull-out is quite low and fractures between bamboo fiber and PP matrix were clearly evident which indicated excellent fiber matrix adhesion. Also, very few holes in the matrix were reported, suggesting very good bonding between bamboo fiber and the polymer matrix. The IFSS values reported above supported these SEM images. From the SEM images of the fracture surfaces of both jute fiber/PP and bamboo fiber/PP composite, a clear pictorial view was evident and this revealed the interfacial properties of the composite as well as explained why jute-based composites had low mechanical and interfacial properties compared to the bamboo-based composites. From the comparative studies of the mechanical properties between jute fiber/PP and bamboo fiber/PP composites, it was found that the mechanical properties of jute composites were quite low compared to that of the bamboo-based composite. The IFSS of the composites also revealed the same results.
CONCLUSIONS
Water uptake of jute and bamboo fibers was studied and it was found that jute fiber gained higher amount of water within a very short time compared to the bamboo fiber. Jute fiber-reinforced PP-based composites (50% fiber by weight) were fabricated by compression molding, and the mechanical properties evaluated. TS, BS, TM, and BM of the composites were found to be 48, 56, 900, and 1500 MPa, respectively. Then, bamboo fiber-reinforced PP-based composites (50% fiber by weight) were fabricated and the mechanical properties were investigated. For bamboo-based composites, TS, BS, TM, and BM were found to be 60, 76, 4210, and 6210 MPa, respectively. From this investigation, it was found that bamboo fiber/PP composite showed almost 25% and 35% improvements in TS and BS over the jute composites. It was also revealed that TM and BM improved by 367% and 314%, respectively, than that of the jute/PP composites. Degradation tests of the composite in soil medium showed that, bamboo fiber/PP composites retained much of their mechanical properties compared to the jute fiber/PP composite. The IFSS values of both types of composite were measured by SFFT and those of the bamboo and jute-based composites were found to be 4.91 and 2.14 MPa, respectively. SEM images of the fracture sides of the composite supported the fact that jute fiber-based PP composite had poorer fiber matrix adhesion than the bamboo fiber-based PP composite.
